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1.0 INTRODUCTION

This final report has been prepared in accordance with NASA Contract No.
NAS5~-3142, Article V, Paragraph B. This report has been subdivided into two
volumes. Volume I is concerned with the electrical design considerations, final
test data and a section of recommendations and conclusions. Volume II covers
the mechanical calculations which were necessary for the design of the subject

arrays.

2.0 SPECIFICATIONS

Table 1-1 describes the electrical specifications of the RSi Sateliite
Command Antenna Array, Model No. 071-024.

TABLE 1-1
Electrical Specificatfons
Frequency range: p 120 - 155 mc
Gain: . 22 db
Taput impecdance: 50 ohms
- VSWR (at 122.9, 148.26, 148, 56

) and 148.98 mc): max. 1.20.
Average power: 7.5 kw
Sideloba level: -13 db
Backlobe level: - -25db .
Bzamwidth: Not specified
Polarization modes: Parallel Y-axis, perpendirular

Y-axis, right~hand circular,
left-hand circular.

3.0  GENERAL DESCRIPTION AND DESIGN APPROACH

The RSi Satellite Command Antenna Array decign has remainc:ibasically
the same as described in RSi's *echnical proposal dated 21 January 1963. The
array consists of nine (9) disc~on-rod antenna elements, each capable of radi-
~ ating in either of two linear orthogonal polarization modes. These antenna

elements are excited by two high~-power, nine-way power dividers. One power
divider excites the vertically polarized inputs of the disc~on-rod elements and
the other power divider excites the horizontally polarized inputs. The two inputs
of these power dividers are processed through a polarization control network
which allows the remote selection of horizontal, vertical, circular left- and
circular right-hand polarization. All of the above subcomponents, except the
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remote control panel are mounted on the array support structure. The remote
control panel, designed to fit a 192-inci rack, will be located in the main
equipmernt console.

The element orientation is illustrated in Figure 2. The arrangement was
gererated by using a series of three isosceles triangles all having a common
center. The innermost and outermost element trios are located on the corners
of two isosceles triangles with the apex of the triangles directed towards the
top of the sheet. The intermediate trio of elements are located on the corners
of a third “riangle with the apex directed to the bottom of the page. The basic
interelement spacing is set at one wavelength at 121 mc (8. 12 f2et). This array
configuration was examined by utilizing experimentally derived disc-on-rod ele-
ment patterns in conjunction with simple array theory. The element pattern
characteristics used in the computations are listed below. .

Frequéncy: 120 mcs 150 mcs
Absolute gain: 11.7db . 12,2 db
Half~power beamwidth: 430 40°

First sidelobe level: -17.0db -13.0db

The computed patterns are shown in Figures 3 and 4 for both X and Y
planes, at frequencies of 120 mcs and 150 mcs respectively. The X and Y
planes of the array are defined in Figure 2. The following tabular data summarizes
the computed performance of the array.

Frequency: ) : 120 mcs 150 mcs
Absolute gain: +20.8 db +21.4 db
Absolute gain increase above
element: . +9.1 +9.2
Half-power beamwidth: 16° " 149
R First sidelobe leve. (ave.) -31.04db -20.0db
) - Major sidelob: level (ave.) -26.0db -24.0db

The absolute gain was derived by numerical integration bf the computed array
patterns. Examination of the tabular data will indicate that a minimum gain in-
crease of 9.1 db was achieved with the nine-element array. It then appeared

~ that an element gain of +13. 0 db would be sufficient to achieve the desi:ed level

of performance (+22. 0 db gain absolute).

An experimental scale model of the disc-on-rod element was constructed

l and tested to define the dimensions of the required unit. This unit was tested

at scalar frequencies using ¢ scale factor of 4.5 to 1. Radiation patterns and
absolute gain measurements were taken at the scalar frequencies of 553 mcs
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(122.9 mcs full scale) and 668 mcs (148. 5 .acs full scale). The 'niairium ele-
mert gain of +13. 0 db required, as mentioned above, was a .ueved with this
model. The first sidelobes were on the order of -13 dh and th: half-power
peamwidths ranged from 37. 5 degrees to 29 degrees. The e.iectrical performance
of this model was quite acceptable for arraying. Accordingly zix of these units
were arrayed and cheir perfoimance evaluated.

Figure 5 is a photsgraph of an array of three elements wnich was later en-
larged to a six-element array. A series of two- and three-way strip transmission
line power dividers, using two-section Tchebysheff transformers allowed the array
elements to be exciteg:l from a common input. A graph of gain versus number of
elements is plottea in Figure 6. This data was obtained with the above mentioned
scale model array by monitoring the power receiveu while ircreasing the number
of elements from one to six. The gain realizable from arraying these scale ele-
ments appeared sufficient to obtain the 22 db of gain for the nine-element array.
The general description and design of the system subcomponents will follow in a
later section of this report.

4.0 DISC-ON-ROD ELEMENTS

Following the construction and testing of the scale mode} array, two full
ccale di.c-on-rod elements were fabricated and tested. Radiation patterns and
absolute gain measurements were taken on these units to varify the scaling facior
of 4.5 to 1. These first full scale disc-on-rod elements consisted of ten discs,

31 1/2" diameter, spaced at 20". The circular cavity which serves to squalize
the E~ and H-plane beamwidths was 44 1/4" high and 64 1/4- diameter. The gain
of these first units was not sufficient. Adjustments of disc diameter and spacing
were made until the absolute minimum gain at the 1. ~ und «f the frequency band
was 13 db, the minimum value to achieve 22 db gain with the nine-element array.
Single element gain and sam;-:= patterns are shown in Figure 7. The final disc-on-
rod configuration consisted of ten discs, 29 1/2" diameter, spaced at 22 1/2" with
the exception of the first disc which was placed eight inches from the top of the
dipole sleeve. This disc is mounted using clamps whereas the remaining ciscs
are welded in place. The first disc has remained adjustable for use as a final
matching device without effect on radiation pattern or gain performance. The
cavity was not changed from its original dimensions.

With the disc-on-rod element conliguration finalized, this unit was matched
utilizing a series line~transformer section incorporated in the dipole coaxial feed
line. A VSWR of 1.1 or less was obtainable at the desired frequencies of 122, 123,
148 and 149 mcs. .

b
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Figure 5,

3cale Model Three-element Array.




ABSOLUTE  GAIN {db)

30

o

o

1 1 —

ABSOLUTE 8 THEORE TICAL CAIN

FOR MULT! ELEMENT ARRAY

b -

l - —
3 4 & & 7 8
’ NUMRER (F FLFMFNTS ’

‘
O S

r

FIGUAE 6 GAIN VS, VUMBER OF ELEMENTS — & 5-SCALC MODEL




]
1
o

I g ~20
-30 —_— -3¢ |
-40 -40 ] —J
i50 90 30 U 30 90 15C 150 9C 30 O 35 90 'S0
degrees degrees
123 NG “E" PLANE 148 MC "E° PLANC
g 1‘
6 e~
y
2 14
12 .
10 !
I 120 t30 140 150 160

Frequency (MC} ~

~ABSOLUTE  GAIN

Pigure 7. Typical Single Element Performarce.



5.0  NINE-WAY POWER DIVIDER

Two nine-way power dividars are required to implement the system. ‘ine
elactrical design {s schematically described in the sketch of Pigure 8. The unit
{s basically composed of four three-way power dividers interconnected by three
coaxial cables. Each power divider is a iwo-8ection transformeiion from a singie
50 oam input to three 50 oam outputs. The values of Z; and Z, are 37.7 and
22. 2 ohms, respectively.

2he power divider units were fabricated in swrip-trangmission line with
teflon as the dielectric medium. A problem of some concarn was the line thick-
nass which must be used to accommodate 7.5 kw of averzge power in the first
power divider unit. The power handling capability dépends. on, among other things,
the heat sink available, the ambiernt temperature, air fiow, allowable temperature
rise, the materials used and the field density within the transmisszion line: Rather
than bazc the design on computations made on strip-transmission lines, a more g
conservative approach was usad. Coaxiai cable, with {ts conservative manu-
facturer’'s power rating was seleczed and its dimensions were converted 1o strip
transmission line eauivalent. :

Figure 9 is a plot of the average power capacity of commercial eflon
dieleciric cable as a function of the outer dielectric diameter, at frequency of
155 mcs: These curves were extrapolated from data available on coaxial cables
listed by the Amphenol Corporation of Breadview, Illinois. Examination of the
graph will indicate that a dianieter oi 0. 430 inches is required to handle 7. f kw
of averzge power and a diameter of 0.220 incnes would be require i to handie
2.5 kw of average power. If the thickress of ti.e strip~transmission lires were
made equal or greater than these values, then the power capacity should be some-
what higher. The fact that the strip-transmission line will handle more pawer is
due to the decreased field intensity and increased heat sink capacity of this type
of line compared to coaxial cable. Tc further increase the zafety factor, the
thicknesses of 0.500 inches. and >. 375 inches were used in designing the power
dividers to handle 7.5 kw and 2. 5 kw of average power, respectively.

In ali of the power divider modules, the center corductor thickness is
1/8 in~h, with radiuses of 1/16 inch. The main-input connector is a modified
tvoe "L1" panel jack. The intermediate and output adaptors ar. modified UG-
58/U panel jacks. The intermediate cabling is RG=116/11 and the output cabling,
from the power divid-: units to tae dipole inputs, is RG-11%A/U coaxial cable.
Figure 10 {s a plot of VSWR versus frequency of a nine-vray power divider, and
Figure 11 {s a photograph of two of these units.

-10-
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6.0 POLARIZATION CONTROL

The feed network which processes the inputs of the two power dividers is
schematically shown in Figure 12. The horizontal and vertical inputs of the two
nine~way power dividers are each connected to one terminal of two SPDT switches
(A and B), When switch A is connected to terminal 1 and the SP4T switch is con-
nected to terminal //Y, the input polarization is parallél to the Y axis. Corre-
spondingly, when switch B is connected to terminal 4 and the SP4T switch is con-
nected to terminal | Y, the input polarization is perpendicular to the Y axis. To
excite either sense of circular pclarization, switches A and B are connected to
terminals 2 and 3 respectively. These ports are connected tc the two output arms
of the 3-db coupler. A signal at arm 2 causes a voltage equal to -0. 707 E//y to
appear at one input to the coupler (5).- In addition, a voltage equal to -j0. 707
E//y will appear at the second hybrid input. In the same manner a signal at termi-

nal 3-exeites-a voltage of -10. 707 Ey at port 5, and 0. 707 Ey at port 6. Thus, the

-arm of the voltages at port 5 of the bybrid is equal to

Es 24 0. 707E /5y 10. 07 E v ,

which is the condition for left-hand circular polarization. " The total voltage ap-
pearing at terminal 6 is of the form

Eg 2 0. 707E)y -1C. T07E / v,

which is the-condition for right-hand circular polarization. The input polarization
is now controlled by the position of the SP4AT switch. The performance of the net-

- work can be summarized as follows:

Mode . :*4" Switch Connection “B" Switch Connection SP4T Connection

/7Y 1 - /7Y
1Y - : 4 1y
Left-hand ' , ‘
circular 2 3 LC
Right-hand
circalar 2 ) 3 ) RC

A remote control selector is used to ernergize the polarization switches in
ptoper sequence. This control panel has indicator lights connected to relays in
the switches. These lights give positive indication that the switchas are function-
ing properly.

15w
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Figure 13 is a photograph of the pclarization control unit. The control
unit, desiagned for rack mounting has the four polarization conditions: //Y, LY,
left-hand circular and right-hand circular. An indicator light is provided for
each position. In addition, a test switch is provided which allows each r-f
coaxial switch to be examined to insure proper operation.

A photograph of the interior of the polarization unit is shown in Figure 14.
It contains three high-power switches and a high~power 3-db coupler. This unit
is mounted on the central hub of the array, and is completely sealed to protect
its contents from the antenna environment.

Figure 15 shows the typical 3-db coupler performance.

- 7.0 - TEST RESULTS

7.1 Measurement Procedures

7. 1.1 Voltage Standing Wave Ratio - A General Radio Company type
1602-B admittance meter and associated equipment ware used to determine the
VSWR of the antenna system. The test setup is shown in Figure 16. Array
number one was tested while mounted on the radiation pattern range, as shown
in Figure 1. Arrays two, three and four were tested while erected upon the roof,
as shown in Figure 17.

7.1.2 Radiation Patterns - Radiation patterns were taken as the array was
rotated about the Y axis. The radiation patterns are included later in this report.

7.1.32 Gain Measurements - In Antennas by John D. Kraus l), the foliowing
formula is given representing the ratio of received power to transmitted power of
two antennas in free space:

Wy  (4mr)?

"

where Wy
Wy

received power
transmitted power

i

1. John D. Kraus, "Antenras, " Ph.D., the Ohio State University, McGraw-Iiill
Book Company; 1950,

-17-
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Figure 13. .Polarization Control Panel with Polarization Box.
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Figure 17. Array Erected on Roof for VYSWR Measurements.
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A = free space wavelength

Gor = gawn of receiviny antenna over an so’rropxc souUrce.
Got = Sain of ransmitting antennd over at i50UOE: :

r < distance betweer anlennas.

Cenverting this formular to a decibel relationsiiy, we get

e iny W
(Sr"'c’t: 7010p(—')‘;1010g(‘._r_):
. A ’\'Vt
where Gr = gain of receiving antennz sxpressed 1n db.
Gt =. gain of transmitting antenna ¢xpressed in db.

Wrth r and )\ fixed cu: iny the meacs-ements and with a receiving antenina of

4 et H

known gain only two terms of this operiiion are nkno wn, Gt and 10 log VW,

Figure 18 illustraies the iest setup used o directly measure .he quantity
13 log {W;/W,). The above aguatior is then solved for G The transmitting
anternna 1n this case was the KSi Wioael 071 S=ztollitc Com xand Antenna array and
ine receiving antenna was a single cizc-on-r.d element xaenncal to the units i
corperated in the array. s satter unit 7'ag heen cahibrated using the identical

antennz method. with the above formula.

With 1 and ) fixzed, 10 log (W,./W¢) can pe measured directly. Then
the equation is solved for Gy + Gy = 2G. hs a chack of this ethed, tnree identi-
cal antennas were used. The resuits were withio normal r2ading error.

To check the tranemission ~wethod of jain measurements, tae rad ation
patterns were numerically integrated. The directivity, D, of an anterna is stated
in Antennas by Kraus to ne :

- n - 4w {raaximum radiation intensity)

Total power radlated N

If it 1s assumed that a radiation pattern plotted in relative nower is sym-
metrical about the axis of maximum radistion and the maximum power is set equal -

w i then the total power radiated can be represented by the integral,

- 2n 2w T -

[ reysinoagay
&

where P, is relative power at some azimuth angle 6

[ is elevat.on angle.
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-
The integral 5 P(g) sinvd @
o

can be solved by determining the area under the curve representing sin 9 times
the relative-power at each az'muth angle, 8, from 0 to . The area can be found
by numerically summing the areas of small rectangular ir.crements under tue
curve, each with a width of b radians and a height of P(g) sin 8. The outer inte-
gral,

2w

f(0) dg

is equal to 2=.

The directivity can therefore be written

0 [P(g) sin Q:D

Since the RSi Satellite Command Array is a direct radiating antenna, the radiation
efficiency factor is very near unity and the gain is therefore very nearly equal to
the directivity of the array.

4

D = ;
“Zw(b xjadians)!\
]

i M-dh

Radiation patterns wrere not taken in a plane paraliel to the Y axis be-
cause of the problems involved in handling an antenna of this size. However,
computed array patterns indicate that the degree of asymmetry will not seriously

. comziomise the accuracy of the pattern integration method of determining gain. -

7.2 Array - Serial Number One

" The following are thg test resuits obtained with RSi Sateliite Command
_--Antenna Model 071-024, Serial Number One.

frequency (mc) VSWR

/Y LY RHC - LHC

) - 120 1.06 1,04 1. 09 1.10
123 1.18 .08 1.10 1.12

130 1.10 1.13 1.10 1.12

140 1.70 1.65 1.19 1.12

148 1.01 1.05 1.13 1,12

149 - . 1.22 1.22 1.15 1.09

155 1.60 1.70 1,22 1. 40

P
o



Freguency {m<) - _Average Gain*

123 2
148 2

W

.5
.7
*The 1verage gain as measured using the two techniques descriaed in Section
7. 1.3 of this report.

The following Figures-20 thraugh 31 are far-field radiation patterns of the
array.

7.3 Array - Serial Number 2

- The results of the VSWR measurements on the RSi Satellite Coinmand
Anteana, Model 071024, Serial Number 2 are tabulated below:

Frequency (mc) VS WR

/Y AY REC  LHC

120 1.29 1.12 1.16 1.15
123 1.17 1.07 1.16 1.16
130 1.27  1.25  1.09  1.13
140 T1.R0 1.63 1.33 1. 36
148 .22 1. 04 1. 08 1.12
149 1.16 1.16 1. 08 1.13
150 1.58 1. 35 1.11 1. 04
7.4 Acray - Secial Number 3
~

The results of the VSWR measurements on the R3i Savellite Command
Antenna, Model 071-024, Serial Number 3 are tabulated below. It may be noted
that there are no readings for the two circular polarized modes. This was due
to the lack of the required high-power switches necessary to excite these modes
of operation. Prior VSWR measurements of array, Serial No. 1, indicated only .
a nomiral change when the polarization box, which includes the switches, was
remcved. The data shown below is equal to, or better than, that obtained on
array Serial No. 1 less the rolarization box and, therefore, judged tc be ac-

ceptable.
Frequency (mc) VSWR

‘/// W44 1Y
120 T 1. 04 1.10
123 1.05 1.08
v » - 130 1.20 1.13



Frequency (mc) VSWR

L 4Y
140 1.44 1.45
148 1.18 1, 08
149 1.27 .11
150 1.35 1.29

7.5 Array - Serial Number 4

The results of the VSWR meacurements on the RSi Satellite Command
Antenna, Model 071-024, Serial No. 4 are tabulated below.

Frequencv {mc} VSWR

V74 LY RHC LHC

120 1. 03 1.03 {1,069 1.11

123 1. 16 1.16  1.16 1.09

130 1.31 1.29 1.08 1.09

140 1.62 1.50. 1.21 1.28

148 1. 10 1.08. 1.08 1.09

149 1.2 1.21  :.08 1.10°

150 1.43 1.42 1.17 1.20
8.0 RECOMMENDATIONS AND CONCLUSIONS p PRRS
S7E7 '

This repsurt has described the electrical considerations used in tne de-
sign of the RS: Satellite Command Antenn: Array, Model Number 071-024. Four
of these arrays were designed, fabricated and delivered within six months after
receipt of the order, and met the specifications given in Section 2. 0.

The disc-on-rod array, in its present state or modified to meet other
electrical and mechanical requirements, has mary auvantages over a parabolic
reflector. For example, in this program, if a parakolic reflector had been used,
the reflector would have been on the order of 43 feet in diameter. In addition
the wind and ice lcading on this structure would be significantly greater due to
the low cross section of the array. The resulting requiremencs on the associated
pedestal is thereby correspondingly reduced. < )

"The basic nine-el:zment array can easily be adapted to use as a moropulse
tracking system. This modification would involve replacing the present polari-
zation box with an interchangeable bo» contuining the necessary r-f hybrids and
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phase shifters. Thus, by the addition of an r-f processing box and receivers,
the antenna and pedestal can be converted into a self-contained precision
tracking system.

It should be noted that by using the basic array configuration, i.e. ele-
ments located at the corners of isosceles triangles;, the number of elements
could be either increased or decreased, depending on the given gain requirements.
Figure 7 in Section 3. 0 1llustrates the gain that can be realized with different
rumbers of elements from one to nine.

The single disc-on-rod element is a good basic antenna that could be
vsed in laboratory range work or field installations. It provides good gain, polar-
ization diversity and high power handling capacity with a relatively lightweight
structure. A requirement for an antenna with a higher or lower gain specification
could be met using RSi's disc-on-rod element by simply adding or subtracting

discs. - P N
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